We demonstrate a laser Doppler vibrometer (LDV) based on the serrodyne frequency shifting technique. A proof-of-principle system is implemented on the basis of fiber-optic components but opens the way toward an ultracompact integrated LDV system on a silicon chip. With a low laser power of 50 μW, the serrodyne LDV was able to measure submicrometer vibrations with frequencies in the audio range.
Introduction
Laser Doppler vibrometers (LDVs) have been exploited in a wide variety of applications, such as acoustics [1] , aerospace [2] , and hearing research [3] . They allow the measurement of the instantaneous time-dependent velocity of a vibrating surface by measuring the Doppler shift induced on the laser frequency. However, the flexibility of commercialized LDVs is still limited by the size of the equipment. For many applications, such as multichannel vibrometry, miniaturization can be of great value [4, 5] . Miniaturized LDVs could also have other advantages over bulk and fiber-based LDVs, such as low power consumption and low fabrication cost. Our proposal for a miniaturized LDV is based on silicon photonics, a complementary metal oxide semiconductor (CMOS)-compatible technology platform allowing the integration of different microphotonic devices (e.g., waveguides, couplers, lasers, and modulators) and making low-cost mass production possible [6] [7] [8] [9] [10] . With this technology, an LDV can be fabricated on an ultracompact silicon-on-insulator (SOI) chip with an area smaller than 1 mm 2 .
Many methods have been developed for modulation and demodulation schemes in LDV systems, such as two-frequency interferometry [11] and synthetic-heterodyne demodulation [12] . The most classical method for bulk LDV devices is the heterodyne detection method because of its good sensitivity and high reliability [13] [14] [15] . In recent years coherent detection has seen a very important revival in the field of telecommunication due to the introduction of highspeed analog-to-digital conversion of the heterodyne signal and subsequent digital signal processing, but this approach requires a lot of power-hungry digital electronic processing [16] .
Optical frequency shifters (OFSs) are typically required in the heterodyne system. Bragg cells, which can realize a frequency shift by using the acoustooptic effect, are the most commonly used OFSs in free-space heterodyne LDVs. However, it is very challenging to realize acousto-optic Bragg cells on SOI. The main reason relates to the difficulty of generating acoustic waves on the patterned SOI chips. We propose the use of the serrodyne technique on the basis of phase modulators for generating frequency shifts [17, 18] . Compared with sinusoidal phase shifting techniques [19] , serrodyne frequency shifting (SFS) requires a higher bandwidth for the phase modulator. However, high-speed (higher than 10 GHz) phase modulators on SOI have been reported recently [20, 21] , with enough bandwidth for the SOI-based SFS. Additionally, generating a sinusoidal phase modulation on the SOI chip is not very simple, since the optical phase change and the applied voltage in the phase modulator are nonlinearly related [22] . The advantage of using simple sinusoidal driving signals in bulk LDV setups is hence not obvious in the miniaturized versions. The demodulation methods in the sinusoidal techniques are also more complicated than those in the serrodyne techniques [23, 24] and therefore consume more power. This paper presents an architecture for miniaturized serrodyne LDV devices with a limited power budget and demonstrates the proof of principle of a fiber version of this LDV system. One application with high potential is the implanted LDV-based middle ear microphone used to help hearing impaired individuals. The power consumption of the implanted LDV is strongly restricted due to the difficulty of changing batteries. In this paper, the power of the laser is restricted to around 50 μW. This power could be low enough for an implanted battery, but still high enough to avoid distortions arising from the noises in the electronic part behind the detector. The minimum laser power is mainly determined by the ability of receiving backscattered signals from the moving target. With respect to receiving backscattered signals, a fiber system mimics the on-chip LDV. This will be further discussed in Section 3. A fiber-based LDV system is demonstrated in this paper to show the proof of principle of the SFS and to estimate the minimal detectable audible vibrations within the aforementioned power budget.
In Section 2, the theory of SFS is briefly discussed. In Section 3, the architecture of a miniaturized on-chip LDV is proposed. A fiber-based setup used to demonstrate the principle of serrodyne LDVs is described in Section 4. The measurement results on audio frequency vibrations are discussed in Section 5. The conclusions will be in Section 6 of this paper.
Serrodyne Optical Frequency Shift (SFS)
The serrodyne LDV is based on a Mach-Zender interferometer whereby a laser beam with a frequency f 0 is split by an optical coupler into the reference and measurement signals. The reference signal is purposely phase modulated in a sawtooth profile φðtÞ ¼ 2π½tf OFS − floorðtf OFS Þ, where f OFS is the constant frequency shift created by the SFS, and the function floorðxÞ returns the largest integer no larger than x. The backscattered measurement signal, according to the Doppler theory, undergoes an instantaneous frequency shift f D ðtÞ ¼ 2vðtÞf 0 =c because of the reflection on a moving surface whereby vðtÞ is the instantaneous velocity of the reflector projected on the propagation direction, and c is the speed of light in the medium. The measurement and reference signals are mixed on a photodetector, and a photocurrent is generated:
where E r is the amplitude of the reference signal's electric field, E m is the amplitude of the measurement signal's electric field before it is sent to the vibrating surface, α is the optical power loss of the measurement signal, and ϕ D ðtÞ is the phase shift due to the movement of the target. The Doppler shift f D ðtÞ can be calculated from the phase shift ϕ D ðtÞ according to Eq. (2):
The first two terms in Eq. (1) are DC and can be filtered away with low-pass filters. The Doppler shift f D ðtÞ can be recovered from the third term of Eq. (1) using digital quadrature demodulation techniques. However, due to the bandwidth limit in the phase modulator, the fall time of the sawtooth signal cannot be infinitely small [25] . Many higher-order harmonic sidebands in the photocurrent signal are thus not totally suppressed, which affects the LDV's ability to recover the vibration velocity. To suppress these useless sidebands, the fall time needs to be kept small enough, which implies that the modulator driver and the modulator need to have a much larger bandwidth than f OFS . Most of these sidebands can also be suppressed later in the demodulator with filters, except the −1st-order sideband, which coincides with the first-order harmonic. When the −1st-order harmonic is not negligible, the demodulated phase change can be expressed as
where r ¼ P −1 =P 1 is the power ratio between the −1st and first harmonic sidebands. When the ratio r is quite small, which is the case for serrodyne modulation, the phase error eðtÞ ¼ ϕ 0 D ðtÞ − ϕ D ðtÞ can be approximated as
Integrated LDV Based on Silicon Photonics
A fully integrated Mach-Zender-type LDV on SOI is proposed and schematically illustrated in Fig. 1 . With SOI as a platform, the passive parts of the interferometer (e.g., waveguides, splitters, and fiber couplers) can be directly fabricated in the top silicon layer by means of CMOS technology. Laser sources and photo detectors can, for example, be based on InGaAsP epitaxial layers bonded on top of the chip with benzocyclobutene (BCB) as the intermediate layer [7, 8] . The frequency shifter, as is proposed, can be a carrier-injection/depletion-based phase modulator [22] . As is shown by the arrows in Fig. 1 , the signal from the distributed feedback (DFB) laser is split into two parts by the optical splitter. One part of the signal goes to the reference arm where the frequency shifter is placed to shift the optical frequency. The other part is sent out to the moving target from the chip through a shallow etched grating coupler [26] and a lens system that images the grating coupler on the vibrating surface. The backscattered signal is collected back to the chip through the same grating coupler. Both reference and measurement signals are finally recombined in the optical combiner and sent to the photodetector. Since the size of the grating coupler is similar to that of a single-mode fiber core, the fiber-based LDV system discussed in Section 4 gives a good estimate of the power budget limited by the scattering loss of the reflected signals.
In a first prototype of this LDV chip, a low-speed thermo-optic (TO) phase modulator with a footprint of 2 μm × 725 μm was demonstrated [27] . The modulator was actually a single-mode waveguide with a Ti heater fabricated on top. The phase modulation is the result of the relatively high TO coefficient of silicon (1:86 × 10 −4 K −1 ). To prevent the guided mode from being absorbed by the Ti heater, a 600 nm thick BCB layer was placed in between the waveguide and the heater. By changing the heating power with a voltage signal, the effective refractive index of the guided mode in the underlying waveguide could be modulated. The driving voltage needs to have a repeating square-root-of-time profile so as to generate a sawtooth refractive index change in the guided mode. A frequency shift of only several kilohertz was generated with the TO serrodyne technique. The amount of the frequency shift was limited by the low speed of the TO effect in this device. According to the Carson bandwidth rule, with a 1 kHz OFS one can recover small vibrations (<380 μm=s) at a frequency lower than 500 Hz. In this situation, however, the measurement signal could also be easily influenced by environmental fluctuations. In order to measure real vibrations, high-speed modulators are needed. This is possible with today's state of the art carrier injection or carrier depletion silicon phase modulators.
A fiber LDV system with a higher OFS but a similar signal receiving system and the same laser wavelength (1550 nm) is studied in Section 4. It directly gives a reference for the integrated LDV with a higher-speed frequency shifter, and predicts the measuring ability of tiny movements within the defined power budget.
Experimental Setup
A serrodyne LDV based on a single-mode fiber system was built, the schematic configuration of which is illustrated in Fig. 2 .
The laser source was a DFB laser at 1550 nm, with a 3 dB linewidth of around 2 MHz. An isolator (not shown in the figure) was inserted behind the laser to avoid optical reflections to the laser. In our setup, the relative intensity noise (RIN) caused by the laser driver dominated over other noise sources when the optical power incident on the detector was higher than 100 nW. If this power was lower than 100 nW, the discretization noise from the 16 bit analog-todigital converter (ADC) became dominant. The demodulated signal would thus be strongly distorted due to the large relative noise. To avoid the noise problem in this regime, the reflection of the measurement signal from the moving object back to the fiber needed to be enhanced. A focuser was used to focus the laser beam onto one small spot on the vibrating surface. A retroreflective film was also attached on top of the moving surface, and it improved the reflected power by more than 10 dB. When, on the other hand, RIN dominates, the signal-to-noise ratio (SNR) can be written as
where P m and P r are the powers of the measurement and reference signals just after the first optical splitter, respectively, and α is the optical loss of the measurement signal after scattering. The highest SNR is obtained when αP m ¼ P r . Therefore, an asymmetric optical coupler was used to compensate the loss in the measurement arm. A lithium niobate (LiNbO3) phase modulator was situated in the reference arm to generate the frequency shift. In the measurement arm, light went to the vibrating surface (a moving membrane of a loudspeaker) through a circulator and focuser (the numerical aperture is 0.1). However, a small spurious fraction of light (around −50 dB) went directly from port 1 to port 3 of the circulator, and the surface of focusers also introduced reflections. These signals were not exposed to the velocity information of the vibrating surface and did to some degree deteriorate the results of demodulation.
Several polarization controllers were inserted to align the polarization of the measurement and reference arms. The optical path length difference of the measurement and reference arms were set to be smaller than the coherence length of the laser so that the signals from those two arms are still coherent with each other.
In the second 3 dB optical coupler, the beams from both arms were recombined and sent to an InGaAs photodiode. The photocurrent was converted to a voltage signal by a homemade transimpedance amplifier (TIA). In the TIA, the lower-frequency signals were filtered away to reduce the influence of lowfrequency noise. Then the signal was digitized with a data acquisition card (NI USB-6218). The demodulation was realized in MATLAB.
Measurement Results and Discussions
The reflected power from the moving surface was measured with an optical power meter. The optical power of the reflected signal coupled back into the fiber was measured to be 20 dB less than the power sent to the moving surface. However, it was still 30 dB above the spurious reflection from the circulator and focuser. As discussed in Section 4, in order to have a good SNR, a 99∶1 optical coupler to split the light asymmetrically (99% of light was sent to the measurement arm) was used to compensate the 20 dB optical loss in the measurement arm. In our experiment, the power of the laser was reduced to 50 μW, and the corresponding optical power on the detector was 200 nW. An SNR of 40 dB was measured.
A function generator was used to create the sawtooth phase profile. Because of the linear relation between the phase and voltage in the electro-optic effect, a sawtooth voltage was directly provided to the phase modulator. When the peak-to-peak amplitude of the sawtooth voltage was 7:08 V, a good suppression of the useless sidebands was obtained. The suppression ratio of the −1st-order mode could be estimated by the power ratio of the third-and firstorder harmonics, since the spectrum of the serrodyne OFS was rather symmetric around the first-order sideband [25] . The ratio was around −35 dB, and the corresponding phase error was smaller than 5% according to Eq. (4). The limited suppression ratio was mainly caused by the imperfect polarization input to the phase modulator.
Sound vibrations at several different frequencies (between 300 and 6 kHz) produced by the membrane of a loudspeaker were then measured. The frequency shift f OFS in the reference arm was set at 24 kHz. A digital bandpass filter with a center frequency of 24 kHz and a bandwidth of 12 kHz was used to filter away the low-frequency noise and high-order harmonics.
Our measurement results were compared with those obtained from a commercial LDV instrument (Polytec OFV-5000). Both our fiber-based and Polytec LDVs were pointed to the same spot on the vibrating membrane, and the measurements were done for the same duration. Two measurement results are shown in Fig. 3 . It turned out that the vibration frequencies measured by both devices matched well, while the vibration amplitudes were somewhat different (ratio χ is 0.76). This difference may be caused by the mismatch of the measuring positions for the two devices or by inaccurate calibration.
A figure of resemblance (FOR) was defined as
with v P and v f the vibration speed measured with the Polytec LDV and our fiber LDV, respectively. The calculated FOR for different vibration frequencies f vib ðtÞ and peak velocities of the membrane of the loudspeaker are shown in Fig. 4(a) . It can be seen that the trends for all vibration frequencies were the same. At low peak velocities (around 100 μm=s), the FOR was rather low. This is because the phase variations in these situations were so small that they were strongly distorted by the phase noise. When the peak velocity surpassed 300 μm=s, the FOR was higher than 60%. For peak velocity higher than 800 μm=s, the FOR exceeded 80%. However, at even higher speeds the FOR saturated and even dropped slightly. This is because the bandwidth of our signal became larger than the bandwidth (12 kHz) around f OFS . Information would then be lost after filtering, resulting in distortions. The bandwidth of the bandpass filter was increased to around f OFS , and the corresponding FOR figure is shown in Fig. 4(b) . The dropping part in Fig. 4(a) disappeared. But noise introduced by the larger filter bandwidth deteriorated the demodulation and decreased the FOR for low-speed vibrations.
Our measured vibrations with sound frequencies starting from around 1000 μm=s were relatively accurate, with a FOR larger than 80%. This corresponded with a peak displacement of the order of 100 nm.
Conclusions
A serrodyne frequency shifter technique was proposed and demonstrated as a candidate for the frequency shifter in a miniaturized heterodyne LDV. The theoretical analysis showed that an ideal SFS can be a perfect single sideband frequency shifter, but in practice it is limited by the bandwidth of the modulator and modulator driver. The −1st-order harmonic influenced the demodulation results and should be highly suppressed in the OFS. A fiber-based LDV system with telecommunication components (lasers and detectors) was built to make the proof of principle for on-chip LDVs working with SFS. The optical frequency shift used in the reference arm was 24 kHz. While the power of our laser (at 1550 nm) was limited to 50 μW, our measurements on audio frequency vibrations with submicrometer displacements (larger than 100 nm) were still acceptable.
